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Chapter 2 

Adhesion Forces and Responses of Bacteria Adhering  

to Different Substratum Surfaces 

 

 

 

 

 

 

 

 

 

 

 

(partially based on: Muszanska, A. K.; Nejadnik, M. R.; Chen, Y.; Van den Heuvel, E. 

R.; Busscher, H. J.; Van der Mei, H. C.; Norde, W. Bacterial adhesion forces with 

substratum surfaces and the susceptibility of biofilms to antibiotics. Antimicrob. 

Agents Chemother. 2012, 56, 4961–4964, and Asri, L. A. T. W.; Crismaru, M.; Roest, 

S.; Chen, Y.; Ivashenko, O.; Rudolf, P.; Tiller, J. C.; Van der Mei, H. C.; Loontjens, T. J. 

A.; Busscher, H. J. A shape-adaptive, antibacterial-coating of immobilized 

quaternary-ammonium compounds tethered on hyperbranched polyurea and its 

mechanism of action. Adv. Funct. Mater. 2013, doi:10.1002/adfm.201301686) 



Chapter 2 

12 

 

ABSTRACT 

The aim of this chapter is to provide evidence in support of the role of bacterial 

adhesion forces to substratum surfaces in determining the bacterial response to 

their adhering state, i.e., in this particular work, their response to exposure to 

antimicrobials, either in solution or immobilized to a substratum surface. We firstly 

relate bacterial adhesion forces and antibiotic susceptibility of biofilms on uncoated 

and polymer-brush-coated silicone-rubber. Nine strains of Staphylococcus aureus, 

Staphylococcus epidermidis and Pseudomonas aeruginosa adhered more weakly ((-

0.05 ± 0.03) – (-0.51 ± 0.62) nN) to brush-coated than to uncoated silicone-rubber 

((-1.05 ± 0.46) – (-5.1 ± 1.3) nN). Biofilms of weakly adhering organisms on polymer-

brush-coatings remained in a planktonic state, susceptible to gentamicin, unlike 

biofilms formed on uncoated silicone-rubber. Quaternary-ammonium-compounds 

are potent cationic antimicrobials in solution and, when immobilized to a 

substratum surface, constitute an antimicrobial, contact-killing coating. We 

secondly describe here how these coatings cause high contact-killing of S. 

epidermidis, both in culture-based assays and through confocal-laser-scanning-

microscopic examination of the membrane-damage of adhering bacteria. The 

working-mechanism of dissolved quaternary-ammonium-compounds is based on 

their interdigitation in bacterial membranes, but it is difficult to envisage how 

immobilized quaternary-ammonium-molecules can exert such a mechanism of 

action. Staphylococcal adhesion forces to hyperbranched quaternary-ammonium 

coatings were extremely high, indicating that quaternary-ammonium-molecules on 

hyperbranched polyurea partially envelope adhering bacteria upon contact. These 

lethally strong adhesion forces on bacteria then cause removal of membrane lipids 

and eventually lead to bacterial death. Summarizing, this chapter provides 

convincing evidence that the response of bacteria in a biofilm to their adhering 

state and accompanying susceptibility to antimicrobials is determined by the 
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magnitude of the force through which the organisms adhere to a substratum 

surface.  
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INTRODUCTION 

Biomaterial-associated infections (BAI) remain the number one cause of failure of 

biomaterial implants or devices despite the development of various strategies to 

control BAI during implantation, like, e.g., modern, ventilated operating theaters 

and impermeable personnel clothing.1 Microbial adhesion is considered to be the 

onset of BAI and can lead to the formation of a biofilm, in which microorganisms 

embed themselves in a complex matrix of extracellular polymeric substances (EPS), 

which provides protection against antibiotic treatment and the host immune 

system.2,3 Surface modifications can significantly reduce microbial adhesion and 

biofilm formation to biomaterial surfaces.4  

Polymer brush coatings are currently the most promising non-adhesive 

coatings, as they reduce the adhesion of various bacterial strains by orders of 

magnitude.5 These coatings, however, do not completely suppress microbial 

adhesion and even the few bacteria adhering to a polymer brush have been 

demonstrated to be able to form a weakly adhering biofilm.5 In view of the general 

aim of this thesis, we hypothesize that bacteria on polymer brush coatings remain 

in a planktonic state because of weak adhesion forces with highly hydrated polymer 

brush coatings and hence remain susceptible to antibiotics. This hypothesis, if 

proven right, would open a new pathway to combat BAI. In part A of this chapter, 

we provide evidence in support of this hypothesis. 

 In order to provide further evidence in support of the role of adhesion 

forces in controlling the bacterial response to their adhering state, we turn, in part 

B, to coatings of quaternary-ammonium-compounds (QACs). QACs are potent 

cationic antimicrobials used in everyday consumer products like contact lens 

solutions and mouthrinses as well as in numerous industrial processes, like water-

purification and antifungal treatment in horticulture. Interestingly, the 

antimicrobial efficacy of QACs remains preserved when QAC-molecules are 
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immobilized on a surface.6–10 Such contact-killing coatings have potential in a large 

number of widely-varying applications, including but not limited to surgical 

equipment and protective apparel in hospitals,11 medical implants and wound 

dressings,12 water-purification,13 food packaging and storage materials14,15 and 

industrial equipment.16 The use of QACs has been popular since they are easy to 

manufacture in large quantities and can be conveniently incorporated in coating 

systems to cover large surface areas. QACs are also very stable in the human body, 

poorly metabolized and mainly excreted in non-metabolized form.17 QACs can be 

hemolytic when not immobilized on a surface and environmentally toxic.18 It is 

remarkable that a Gram-negative Pseudomonas aeruginosa strain, not susceptible 

to QACs in solution, was killed upon adhesion to a coating of immobilized QACs.19 

Intriguingly, coatings of immobilized QACs even remain antimicrobially active after 

adsorption of proteins in vitro6,20,21 and under in vivo conditions.12,22 Immobilized 

QACs, especially after adsorption of a protein film as occurring in the human body, 

are hindered in their search for heterogeneously distributed negative charges on 

bacterial cell surfaces23 as crucial for their efficacy in solution. Hence, it is often 

hypothesized19 that QAC-molecules immobilized to a surface possess other 

mechanisms of action than in solution, but these have never been elucidated. In 

part B of this chapter, we provide evidence in support of a new mechanism of action 

for immobilized QACs, based on the forces by which bacteria adhere to QAC-coated 

surfaces.  
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A. BACTERIAL ADHESION FORCES TO POLYMER BRUSH COATINGS AND THE 
SUSCEPTIBILITY OF BIOFILMS TO ANTIBIOTICS 

AIM 

The aim of this part is to determine a possible relationship between the 

susceptibility of biofilms to antibiotics and the forces with which the bacteria 

making up the biofilm adhere to a substratum surface. 

 

MATERIALS AND METHODS 

Preparation of Polymer Brush Coated Surfaces 

The method used to prepare polymer brush coated silicone rubber was described 

by Nejadnik et al.5 

Bacterial Strains and Culture Conditions 

Nine bacterial strains, representing Staphylococcus aureus (799, 835, ATCC 12600), 

Staphylococcus epidermidis (ATCC 35984, HBH 276, 138), and P. aeruginosa (#3, 

6487, ATCC 19582), were used in this study. Strains were either established type 

strains or clinical isolates taken from patients with implant or device-related 

infections. Bacteria were grown and harvested as described before.5 All strains 

were first grown aerobically overnight at 37°C on blood agar plates from frozen 

stocks. These plates were kept at 4°C and never longer than two weeks. Several 

colonies were used to make a pre-culture in 10 ml tryptone soya broth (TSB, Oxoid, 

Basingstoke, UK). This pre-culture was incubated at 37°C for 24 h and used to 

inoculate a second culture of 200 ml which was incubated for 16 h. The culture was 

harvested by centrifugation for 5 min at 5000× g and washed twice with 

demineralised water. To break up bacterial aggregates, bacteria were sonicated 

intermittently while cooling in an ice/water bath for three times 10 s at 30 W (Vibra 

Cell model 375; Sonics and Materials Inc., Danbury, Connecticut, USA). These 
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procedures were found not to cause cell lysis in any of the three strains. Finally, 

bacteria were suspended in 200 ml of phosphate buffered saline (PBS) to a 

concentration of 3 × 108 per ml for all experiments. 

AFM Force Spectroscopy 

Bacterial adhesion forces on uncoated and polymer brush-coated silicone rubber 

were recorded by using atomic force microscopy (AFM; BioScope Catalyst atomic 

force microscope with ScanAsyst [Veeco Instruments Inc., Camarillo, CA]). Before 

each measurement, NP-O10 tipless cantilevers (Veeco) were calibrated by the 

thermal tuning method and spring constants were always within the range given by 

the manufacturer (0.03 – 0.12 N/m). Bacterial probes were prepared by 

immobilizing single bacteria on a pre-calibrated cantilever by using electrostatic 

attraction.24 All adhesion force measurements were performed in PBS at room 

temperature under a loading force of 5 nN at three randomly chosen spots and 

analyzed per strain using a mixed-effects model, taking the absence or presence of 

the polymer brush coating and probe employed as fixed effects and the spot chosen 

as a random one. The variance components were separately estimated for coated 

and uncoated surfaces. Maximum likelihood was used as the estimation method, 

and a type III test was used to evaluate a significant effect of the polymer brush 

coating on bacterial adhesion forces. 

Parallel-plate Flow Chamber 

Bacterial growth and biofilm formation were monitored in a parallel-plate flow 

chamber5 for one strain of each species. Minimal inhibitory concentrations (MICs) 

of gentamicin against these strains were determined by using the Etest (AB 

bioMérieux, Solna, Sweden), and all strains were found susceptible to gentamicin 

with MICs of < 4 μg/ml.25 After initial bacterial adhesion for 30 min at room 

temperature by a bacterial suspension (3 × 108 bacteria per ml) in PBS under flow 

(shear rate, 11 s-1), the flow was switched for 3.5 h to 10% TSB at 37°C under 
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reduced flow (shear rate, 5 s-1) to grow a biofilm, after which the chamber was 

perfused for 16 h with medium containing different concentrations (0.5, 5, and 50 

μg/ml, i.e., below, at, and above the MIC) of gentamicin sulfate (Sigma-Aldrich). 

Surface Coverage of Biofilms 

From the images taken during the course of an experiment, the percentage of the 

surface covered by biofilm, indicative of the presence of both dead and live bacteria 

in the biofilm, was determined. The percentage of live bacteria in 20-h-old biofilms 

was determined by fluorescence microscopy (Leica, Wetzlar, Germany) after 

dispersal of the biofilms and live/dead staining of the organisms as an indicator of 

antibiotic susceptibility of biofilm organisms5 and to calculate the surface coverage 

by live bacteria. All experiments for quantitative biofilm analysis were done in 

duplicate with separately grown bacterial cultures.  

Confocal Laser Scanning Microscope 

In a separate set of experiments, intact biofilms were visualized using a Leica TCS-

SP2 confocal laser scanning microscope (CLSM; Leica Microsystems GmbH, 

Heidelberg, Germany). 20-h-old biofilms were stained with live/dead stain mixed 

with calcofluor white, which was used to visualize EPS. For surface coverage, an 

analysis of variance was conducted for each bacterial strain. If an overall effect of 

the surface coating on the outcomes was significant, Fisher’s least-significant-

difference test was used to investigate the effect of the coating at each antibiotic 

concentration. All tests were conducted two sided, and a significance level of P < 

0.05 was used. 

 

RESULTS AND DISCUSSION 

The adhesion forces of all strains were lower on polymer brush-coated silicone 

rubber (-0.05 ± 0.03 to -0.51 ± 0.62 nN) than on uncoated silicone rubber (-1.05 ± 

0.46 to -5.1 ± 1.3 nN), representing a significant (P < 0.05) reduction (Fig. 1).  
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Figure 1. Bacterial adhesion forces (Fadh) to uncoated and polymer brush-coated 
silicone rubber, showing significant reductions in adhesion forces (P < 0.05) for all 
nine strains after the silicone rubber surface was coated with a polymer brush. 

 

Biofilm formation of selected strains representing each of the three different 

species on uncoated silicone rubber was accompanied by the production of EPS in 

large amounts, especially for the staphylococcal biofilms, while EPS production was 

virtually absent on polymer brush-coated silicone rubber (Fig. 2). 
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Figure 2. CLSM overlay images and optical sections of 20-h-old intact biofilms 
grown in the absence (-) or presence (+) of 50 μg/ml gentamicin on uncoated 
silicone rubber or polymer brush-coated silicone rubber. Live and dead bacteria 
show green and red fluorescence, respectively, while EPS yields blue fluorescent 
patches. Bars, 75 μm. Panels: a, S. aureus ATCC 12600; b, S. epidermidis 138; c, P. 
aeruginosa #3. 
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Biofilms of both tested staphylococcal strains in the absence of antibiotics achieved 

full surface coverage of uncoated silicone rubber within 14 to 16 h, while full 

coverage of polymer brush-coated silicone rubber was not reached within 20 h (Fig. 

3). Such a difference in growth kinetics was absent in the case of P. aeruginosa, 

yielding less than 20% surface coverage even on uncoated silicone rubber, possibly 

as a result of its rod-shaped morphology and motility. Importantly, biofilm growth 

in the presence of various concentrations of gentamicin was reduced significantly 

more strongly on polymer brush-coated silicone rubber than on uncoated silicone 

rubber. Surface coverage by P. aeruginosa remained similarly low in the presence 

of gentamicin than in its absence. Moreover, after 20 h of growth, the coverage by 

live bacteria in the absence of antibiotics was higher on polymer brush-coated 

silicone rubber than on uncoated silicone rubber, while in the presence of 

gentamicin, we saw less coverage by live bacteria on the polymer brush coating, 

with little or no efficacy of the antibiotic on biofilms formed on silicone rubber, 

depending on the strain considered (Fig. 3). 

Furthermore, the amount of EPS produced on polymer brush coatings was 

smaller, explaining the higher susceptibility to gentamicin. Thus, in addition to the 

known lower biofilm formation on polymer brush coatings than on common 

biomaterials, this study is the first to demonstrate that bacterial biofilms on a 

polymer brush coating remain susceptible to antibiotics, regardless of the 

molecular basis of the resistance mechanism. This phenomenon has enormous 

clinical implications, as it shows an original pathway toward a biomaterial implant 

coating that allows antibiotic treatment to prevent biofilm formation and thereby 

reduce the risk of BAI. 
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Figure 3. Surface coverage as a function of time on uncoated silicone rubber and 
polymer brush-coated silicone rubber by biofilms grown in the absence or presence 
of various concentrations of gentamicin (open squares, no antibiotic; open triangles, 
0.5 μg/ml gentamicin; gray triangles, 5 μg/ml gentamicin; black triangles, 50 μg/ml 
gentamicin) and coverage by live organisms after 20 h of growth (green bars). 
Gentamicin was introduced after 4h of growth. Error bars represent standard 
deviations of two separate experiments. Panels: a, S. aureus ATCC 12600; b, S. 
epidermidis 138; c, P. aeruginosa #3. An asterisk indicates a significant difference 
(P < 0.05) between uncoated silicone rubber and polymer brush-coated silicone 
rubber in surface coverage by biofilm after 20 h of growth. The symbol # indicates 
a significant difference (P < 0.05) between the numbers of live bacteria in 20-h-old 
biofilms on silicone rubber and polymer brush-coated silicone rubber. 

 

Upon bacterial adhesion, a cascade of genotypic and phenotypic changes 

are induced that result in a biofilm-specific phenotype.26–28 Changes in gene 

regulation occur within minutes after bacterial attachment to a solid surface,29 

suggesting that adhering bacteria may sense a solid surface, leading to a signaling 
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cascade that causes genes to be up- or down regulated and the production of EPS,30 

rendering the organisms more resistant to antimicrobial agents.27,31,32 The adhesion 

forces of nine different bacterial strains are clearly much higher on silicone rubber 

than on polymer brush coatings, and in fact, on the polymer brush, these forces are 

so low that it can be argued that bacteria, though weakly adhering, are unable to 

sense the surface as they do on silicone rubber. As a result, they remain in their 

antibiotic-susceptible state, whereas on silicone rubber, they adopt a biofilm mode 

of growth with full protection against a gentamicin concentration of 50 μg/ml, far 

above the MIC. 
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B. BACTERIAL ADHESION FORCES TO IMMOBILIZED QUATERNARY-
AMMONIUM-COMPOUNDS AND CONTACT-KILLING 

AIM 

The aim of this part is to determine a possible relationship between the viability of 

bacteria adhering to a substratum surface and the forces with which bacteria 

adhere. 

 

MATERIALS AND METHODS 

Coating Preparation and Characterization 

Methods used to prepare and characterize the coatings were described by Asri et 

al.33 

Bacterial Strain and Culture Conditions 

S. epidermidis ATCC 12228 was first streaked on a blood agar plate from a frozen 

stock solution (7 v/v% DMSO) and grown overnight at 37°C on blood agar. One 

colony was inoculated in 10 ml TSB and incubated at 37°C for 24 h. This culture was 

used to inoculate a main culture of 200 ml TSB, which was incubated for 16 h at 

37°C. Bacteria were harvested by centrifugation for 5 min at 5000×g and 10°C and 

subsequently washed two times with 10 mM potassium phosphate buffer, pH 7.0. 

Antimicrobial Mechanisms of Dissolved and Immobilized QACs using AFM 

AFM experiments were conducted at room temperature in potassium phosphate 

buffer as a control and in potassium phosphate buffer supplemented with QAC 

(Ethoquad C/25(Cocoalkyl methyl(polyoxyethylene)ammonium chloride)) 

(AKZONobel, Amsterdam, The Netherlands) at the minimum bactericidal 

concentration (MBC) for S. epidermidis ATCC 12228 in a planktonic state (MBC, 150 

μg/ml).34 A BioScope Catalyst AFM with ScanAsyst was used for imaging 

staphylococci. For imaging, bacteria were attached to differently treated glass 
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slides (clean glass, poly-L-lysine coated glass and glass with a hyperbranched QAC-

coating33) by placing a droplet of a bacterial suspension (1010 bacteria/ml) in buffer 

on the sides for 30 min. Subsequently, the bacterially coated glass slide was rinsed 

with potassium phosphate buffer to remove free floating bacteria and the slide was 

immediately used for AFM measurements without drying. The adhering bacteria 

were scanned with the AFM, while immersed either in buffer or buffer 

supplemented with QAC. Deflection images were taken while repetitively scanning 

during 300 min. The scans were made in the contact mode under the lowest 

possible applied force (1 to 2 nN) at a scan rate of 1 Hz using DNP probes from 

Veeco. The experiments were performed in triplicate with different bacterial 

cultures. Adhesion force measurements using AFM was carried out as described in 

part A. For measurements on hyperbranched, positively charged coatings, a stiffer 

cantilever (Cantilever A) had to be used with a spring constant of 0.58 N/m. 

Bacterial Contact-Killing 

For evaluation of contact-killing of adhering bacteria by the different coatings, the 

slides were incubated in a staphylococcal suspension (3 x 107 bacteria/ml) in a 6-

well polystyrene plate (Greiner Bio-One B.V., Alphen a/d Rijn Leiden, The 

Netherlands) containing either potassium phosphate buffer or a QAC solution in 

buffer at 1 x MBC. After incubation for 60 min and 300 min at 37°C under rotation 

(90 rpm), bacterial suspension was removed and the surfaces were gently washed 

with potassium phosphate buffer to remove the free-floating bacteria. CLSM was 

employed to differentiate between live and dead bacteria, to which end the 

samples were stained in the wells with 250 µl live/dead Baclight viability stain 

(Molecular Probes, Leiden, The Netherlands) containing SYTO 9 dye (fluorescent 

green) and propidium iodide (fluorescent red). Staining was done for 15 min in the 

dark. Confocal images were collected using a Leica TCS-SP2 CLSM using 488 nm 

excitation and emission filters of 500 to 550 nm and 605 to 720 nm. This assay 
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reveals dead bacteria, or technically more correct considering the working 

mechanism of the stain,35,36 bacteria with a severely damaged cell membrane, as 

red fluorescent, whereas live organisms expressing an intact membrane appear 

green fluorescent.  

 

RESULTS AND DISCUSSION 

In Fig. 4 we present AFM and fluorescence images of S. epidermidis ATCC 12228 

adhering to surfaces exerting different adhesion forces. On a negatively-charged 

glass surface, staphylococci experience a very small adhesion force of around 1 nN 

(Fig. 4-panel 1a) in the planktonic regime. As a consequence of these weak adhesion 

forces, all adhering bacteria were displaced during AFM imaging (Fig. 4-panels 1a 

and 1b). Fluorescence imaging showed that staphylococci adhering to glass were 

all alive during exposure to buffer (Fig. 4-panel 2a), whereas at the same time they 

were highly susceptible to QACs in solution (Fig. 4-panel 2b). Imaging of 

staphylococci adhering to moderately positively-charged poly-L-lysine coated glass 

yielded stronger adhesion forces, i.e., 4 nN, as a result of electrostatic attraction in 

addition to Lifshitz-Van der Waals attraction (Fig. 4-panel 1c), enabling imaging of 

adhering bacteria (panel 1c) and showing live bacteria during exposure to buffer 

(Fig. 4-panel 2c). During imaging, while being exposed to QACs in solution however, 

wrinkling of the bacterial cell surface occurred,34 eventually leading to detachment 

of entire bacteria leaving only minor remnants (Fig. 4-panel 1d). Fluorescence 

imaging showed bacterial death during exposure to QACs in solution within 60 min 

(Fig. 4-panel 2d). 
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Figure 4. 
Panel 1: AFM deflection images of S. epidermidis ATCC 12228 adhering on different 
surfaces during exposure to 10 mM potassium phosphate buffer at pH 7.0 (a, c and 
e) or a 1 x MBC QAC solution in 10 mM potassium phosphate buffer (b and d). 
a), b)  negatively-charged glass surface (note that all adhering bacteria are 

removed by scanning) 
c), d)  poly-L-lysine coated glass surface 
e) hyperbranched QAC coating, immobilized on a glass surface. 
Images were taken at different time points, while scanning continuously at a rate 
of 1 Hz. The bar denotes 1 µm.  
Panel 2: Fluorescence images of S. epidermidis ATCC 12228 adhering to the 
different surfaces (see panel 1) after exposure to potassium phosphate buffer 
(a, c and e) or a 1 x MBC QAC solution (b and d). Bacteria have been stained with 
Baclight® live/dead stain, rendering dead bacteria (or technically more correct 
according to the working mechanism of the stain: severely membrane damaged 
bacteria37 red fluorescent, opposed to live bacteria showing green fluorescence. 
The bar denotes 18 µm. 
 

More interestingly, we repeated these experiments for staphylococci adhering to a 

new, hyperbranched coating,38 comprising a high positive-charge density due to 

immobilized QACs, while being exposed in a phosphate buffer and noticed that 

despite cell death (Fig. 4-panel 2e), no indications of cell surface wrinkling and 

bacterial detachment could be observed (Fig. 4-panel 1e). Adhesion forces between 

the staphylococci and these hyperbranched coatings were extremely high around 

100 nN in the lethal regime, as a result of the binding of multiple QAC-molecules to 

the bacterial cell surface through electrostatic attraction. 

These observations indicate that immobilized QACs do not cause directly 

visible membrane damage. Instead, the data point out that the strong adhesion 

forces arising from immobilized QACs enter bacterial adhesion forces into the lethal 

regime, i.e., where the stress exerted on the bacterial cell membrane causes killing. 

This is a new mechanism for the antimicrobial activity of immobilized QACs, that 

explains many poorly-understood phenomena with respect to the antimicrobial 

activity of immobilized QAC-molecules, including the persistence of antimicrobial 
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activity in the presence of adsorbed proteins. Whereas, initially, bacterial adhesion 

forces may be attenuated through the presence of adsorbed proteins, it is known 

that adsorbed protein films are displaced and deformed during bacterial adhesion39 

to reduce their thickness, which restores lethally strong adhesion forces exerted by 

immobilized QACs. This new, physico-chemical mechanism of bacterial-killing by 

immobilized QACs supports a recent hypothesis by Bieser and Tiller40 that 

positively-charged surfaces may exert strong forces upon vital anionic lipids in the 

bacterial cell membrane resulting in their removal through the outermost cell 

surface of an adhering bacterium. This then creates localized membrane damage 

and causes cell death. Evidence in support of this mechanism of action can also be 

inferred from observations that immobilized QACs are only antimicrobially active 

provided sufficient positive-charge density, that is ≥ 1.6 x 10-4 C/cm2.41,42  

 

CONLCUSIONS 

Recently it has been argued that in the absence of visual, auditory, and olfactory 

perception, adhering bacteria react to membrane stresses arising from minor 

deformations due to the adhesion forces felt to make them aware of their adhering 

state on a surface and change their phenotype accordingly.43 Part A of this chapter 

provides a link between bacterial adhesion forces and the susceptibility of bacterial 

biofilms to antibiotics in solution, providing a clear clue as to why the susceptibility 

of bacterial biofilms differs on different biomaterials, as the weakly adhered 

bacterial cell in the planktonic regime appears to be more vulnerable to antibiotics. 

In part B of this chapter, we propose that immobilized QAC-molecules enhance the 

adhesion forces between a bacterium and a surface to a lethally strong attraction 

that induces cell deformation, causing reduced growth, stress-deactivation and 

removal of membrane lipids, eventually leading to cell death.  
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On the basis of these studies, it is concluded that the response of bacteria 

in a biofilm to their adhering state and their accompanying susceptibility to 

antimicrobials is determined by the magnitude of the force through which the 

organisms adhere to a substratum surface.  
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